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MnSi~1.7 nanowires (NWs) with a single orientation and a large aspect ratio have been formed on a Si(110) surface
with the molecular beam epitaxy method by a delicate control of growth parameters, such as temperature,
deposition rate, and deposition time. Scanning tunneling microscopy (STM) was employed to study the influence of
these parameters on the growth of NWs. The supply of free Si atoms per unit time during the silicide reaction plays
a critical role in the growth kinetics of the NWs. High growth temperature and low deposition rate are favorable for
the formation of NWs with a large aspect ratio. The orientation relationship between the NWs and the
reconstruction rows of the Si(110) surface suggests that the NWs grow along the 110½  direction of the silicon
substrate. High-resolution STM and backscattered electron scanning electron microscopy images indicate that the
NWs are composed of MnSi~1.7.
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Silicon (110).Background
Self-assembled nanowires (NWs) of metal silicides have
received much attention recently for their potential applica-
tions as electrical interconnects on a scale that cannot be
attained with conventional lithographic methods [1-4]. In
addition, such structures are expected to display novel
physical properties related to the structural anisotropy and
quantum confinement effects and could be used as active
elements for the new generation of electronic, optoelectro-
nic, magnetic, and thermoelectric devices [5-7]. In the past
decade, it has been reported that NWs of rare-earth
silicides such as ScSi2 [7], ErSi2 [8,9], DySi2 [2,10,11], GdSi2
[12,13], and HoSi2 [14,15] and 3d transition metal silicides
such as FeSi2 [1], CoSi2 [3], NiSi2 [16], and TiSi2 [17-19]
can be formed on silicon substrates by the molecular beam
epitaxy method. While the NW shape of rare-earth silicides
is thought to result from an anisotropic lattice mismatch
that is small (<1%) in length direction and large (>5%) in* Correspondence: zqzou@sjtu.edu.cn
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in any medium, provided the original work is pwidth direction of the NW, the NW shape of FeSi2,
CoSi2, and NiSi2 results from an ‘endotaxial’ growth
mechanism which involves the growth of silicide into
the Si substrate [1,3].
Very recently, we have reported that MnSi~1.7 NWs can
also be grown on the Si substrates with reactive epitaxy
method at temperatures above approximately 500°C
[20-22]. The growth mechanism of the NWs was con-
sidered to be anisotropic lattice mismatch between
the silicide and the Si substrates. The growth direction of
the NWs is confined along Si<110>, resulting in the NWs
orienting with the long axis along one direction (Si 110½ ),
two orthogonal directions (Si 011½  and [011]), and three
directions (Si 011½ , 011½ , and 110½ ) on the Si(110), (001),
and (111) surfaces, respectively. However, for scientific
investigation as well as device applications, it would be
highly expected to grow NWs with a single orientation
because the NWs grown in this mode would never cross
and have larger length. Parallel NW arrays can be used as
nanomechanical devices [23], and using parallel NWs, the
anisotropic electronic structure of silicide NWs can be
investigated by angle-resolved photoelectron spectroscopy
[11]. On the other hand, the Si(110) surface is currentlyOpen Access article distributed under the terms of the Creative Commons
g/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
roperly cited.
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ties such as high hole mobility, unique surface reactivity,
and strong structural anisotropy. The Si(110) surface has a
potential use in fabricating vertical double-gate metal
oxide semiconductor field effect transistors that enable
much higher integration [24]. Although the formation of
MnSi~1.7 NWs with sole orientation on Si(110) was
demonstrated in our previous works [20], a detailed inves-
tigation on how the growth parameters affect the growth
of MnSi~1.7 NWs on Si(110), which is of key importance
for a comprehensive understanding of the growth kinetics
and thus the controllable growth of the NWs, is still lac-
king. In this paper, we examine in detail, mainly using
scanning tunneling microscopy (STM), the influence of
growth temperature, deposition rate, and deposition time
on the formation of MnSi~1.7 NWs on the Si(110) surface.
Methods
The experiments were performed in an ultra-high vacuum
molecular beam epitaxy-STM system (Multiprobe XP,
Omicron, Taunusstein, Germany) with a base pressure of
less than 5.0 × 10−11 mbar. Substrates used for the depo-
sition were cut from a phosphorus-doped, n-type Si(110)
wafer with resistivity of approximately 0.01 Ω cm and
have a size of 12 × 2.5 × 0.3 mm3. Atomically clean Si
(110)-16 × 2 surfaces were prepared by degassing the
substrates at about 600°C for 12 h, followed by flashing to
1,200°C and annealing at 600°C for 10 min. Mn was
deposited on the Si(110)-16 × 2 surfaces by heating Mn
lumps (purity 99.999%) in a Mo crucible with electron
bombardment. The Mn flux was monitored by an internal
ion collector mounted near the evaporation source. The
deposition rate was controlled from approximately 0.01 to
0.5 ML/min (1 ML = 1 metal atom per 1 × 1 surfaceFigure 1 STM images of the Si(110) surface and the manganese silicid
(110) surface. The inset is a high-resolution STM image (30 × 30 nm2) show
outlined by a rectangle. (b) STM image (1,600 × 1,600 nm2) of manganese
surface at 585°C. During deposition, the deposition rate was kept at approxmesh = 4.78 × 1014 Mn atoms/cm2) [3]. During depos-
ition, the substrates were heated by radiation from a tung-
sten filament located at the back of the sample holder.
The temperature was set from 450°C to 600°C and mea-
sured using a thermocouple. An electrochemically etched
tungsten tip was used for scanning. All STM images were
recorded at room temperature (RT) with a bias voltage of
2 to 3 V and a tunneling current of 0.1 to 0.2 nA. A
backscattered electron scanning electron microscope
(BE-SEM) (Nova NanoSEM 230, FEI, Hillsboro, OR, USA)
was used to ex situ observe the elemental distribution
of the samples on a large scale.
Results and discussion
Effects of growth parameters on the formation of NWs
Figure 1a shows STM images of the atomically clean Si
(110) surface obtained by the well-established degassing,
flashing, and annealing procedures. The high-resolution
image (inset) clearly shows that the surface consists of
equally spaced and alternately bright and dark zigzag
chains parallel to the 112½  direction, which is the typical
characteristic reported for the Si(110)-16 × 2 recon-
structed surface [25]. The bright and dark zigzag chains
correspond to the upper and lower atomic layers of the
Si(110) plane, respectively. The step height between
the layers is 1.92 Å. A 16 × 2 unit cell is outlined by
a rectangle in the inset.
After surveying the flashed Si(110) surface by STM,
we evaporate Mn atoms onto the surface at different
substrate temperatures in the range of RT to 600°C,
while the deposition rate and time are kept at approxi-
mately 0.02 ML/min and 50 min, respectively. We find that
only clusters or irregular three-dimensional (3D) islands
are formed on the Si(110) surface when the temperature ise NWs grown on it. (a) STM images (500 × 500 nm2) of a clean Si
ing the 16 × 2 reconstruction of the surface. A 16 × 2 unit cell is
silicide NWs and islands grown by depositing 1 ML Mn on the Si(110)
imately 0.02 ML/min.
Figure 2 The length distribution of the manganese silicide NWs formed on the Si(110) surface at different growth temperatures.
During deposition, the Mn deposition rate and coverage were kept at approximately 0.02 ML/min and 1 ML, respectively.
Figure 3 A typical STM image (200 × 200 nm2) showing the
growth direction of the NW. The reconstruction rows of the Si
(110)-16 × 2 surface run along two directions, 112½  and 112½ .
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elongated silicide islands begin to form on the surface.
With further increasing temperature, the elongated islands
grow rapidly in the length direction and remain almost
invariant in the width direction, forming a NW-like shape.
Meantime, the number density of the NWs is also
increased significantly, while that of the 3D islands is
decreased. Figure 1b is a typical STM image of the Si
(110) surface after deposition at 585°C. It can be seen
that straight and parallel NWs with a large aspect
(length/width) ratio were formed on the surface. The NWs
are about 600 to 1,370-nm long, approximately 18-nm
wide, and 2.5-nm high, and their aspect ratios are in the
range of approximately 33 to 76.
Figure 2 shows the length distribution of the NWs at
various growth temperatures. For each temperature,
more than 150 NWs were randomly selected from do-
zens of STM images for statistical purpose. It can be
seen that in the range of 475°C to 600°C, the average
lengths of the NWs increase with temperature. When the
growth temperature is higher than 550°C, 60% and more
of the NWs have a length larger than 400 nm, and more
than 10% of the NWs have a length exceeding 1.0 μm. In
the present work, the aspect ratio of the NWs grown on
Si(110) can reach 100, which is larger than that of the
NWs formed on a Si(111) surface [21].
In order to determine the orientation of the NWs on the
Si(110) surface, we take a magnified image of a NW, inwhich the reconstruction rows of the Si(110)-16 × 2 surface
can be clearly resolved. The image (Figure 3) shows that
the 16 × 2 reconstruction of the Si(110) surface exhibits a
double-domain structure with fragmented rows running
along two directions, 112½  and 112½  [24], as indicated by
Figure 4 STM images showing the influence of Mn deposition rate on the growth of NWs. Series of STM images (1,000 × 1,000 nm2) of
the manganese silicide NWs and islands grown on the Si(110) surfaces at various depositing rates. (a) Approximately 0.02, (b) 0.05, (c) 0.2, and (d)
0.5 ML/min. The growth temperature and the Mn coverage were kept at 550°C and 1 ML, respectively.
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of the substrate is measured to be 54.7°, which is consis-
tent with the theoretical value of the angle between
the 110½  and the 112½  directions. Therefore, the
NWs are formed on the Si(110) surface with long axis
along the 110½  direction. Similar results were also
found in Dy/Si(110) [26] and Fe/Si(110) [1] systems.
Figure 4 is a series of STM images showing the influence
of Mn deposition rate on the growth of NWs, with the
temperature and Mn coverage kept at 550°C and 1 ML,











0.5 126.3 13.3 2.2 4
0.2 208.9 14.3 2.4 2
0.05 347.9 16.1 3.0 1
0.02 519.0 16.9 5.0 9
The growth temperature and Mn coverage for each deposition were kept at 550°Cand number density of the NWs as well as the 3D islands
are listed in Table 1. It can be seen that the growth at the
high deposition rate of 0.5 ML/min (Figure 4a) produced
a large number of short NWs and small 3D islands. The
number ratio of NWs to 3D islands is 1:2.3. The average
length of the NWs and the average size of the 3D islands
are about 126 nm and approximately 17 nm, respectively.
At the high deposition rate, the Mn atoms have a short
mean free path on the Si(110) surface and easily bind to-
gether or bind with the Si atoms to form the critical nuclei,







Density of 3D islands
(number/μm2)
2 17.0 4.1 98
6 19.9 4.9 56
5 29.8 6.9 20
46.4 8.9 12
and 1 ML, respectively.
Figure 5 The influence of deposition time on the growth of NWs. Series of STM images (1,000 × 1,000 nm2) of the manganese silicide NWs
and islands grown on the Si(110) surfaces at different durations. (a) 5, (b) 10, (c) 25, and (d) 50 min. The deposition rate and growth temperature
were kept at approximately 0.2 ML min−1 and 550°C, respectively.
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islands decreases significantly due to the low nucleation
density. However, the average length of the NWs and the
size of the 3D islands increase greatly. For example, at the
low deposition rate of 0.02 ML/min (Figure 4d), the aver-
age length of the NWs and the size of the 3D islands are
about 519 and 46 nm, respectively. Meanwhile, the num-
ber ratio of NWs to 3D islands is also increased to 1:1.3,
indicating that a low deposition rate can restrain the nu-
cleation of 3D islands and favor the formation of NWs.











5 176.3 18.9 2.9 31
10 271.5 17.2 3.5 21
25 281.2 16.9 4.2 25
50 261.4 16.5 5.1 20
The growth temperature and deposition rate for each deposition were kept at 550°length and island size at the low deposition rate can be
attributed to the longer growth time because the amount
of deposited Mn is the same (1 ML).
Figure 5 is a series of STM images showing the influence
of deposition time (i.e., Mn coverage) on the growth of
NWs, with the temperature and deposition rate kept at
550°C and 0.2 ML/min, respectively. The statistical results
of the dimensions and number density of the NWs as well
as the 3D islands are listed in Table 2. It can be seen that
in the short-duration range (e.g., 5 and 10 min), the NWs













C and 0.2 ML/min, respectively.
Figure 6 Atomically resolved STM image of the manganese silicide NW and its tunneling current-voltage properties. (a) Atomically
resolved STM image (10 × 10 nm2) of an ultrafine manganese silicide NW grown on the Si(110) surface and (b) the scanning tunneling spectra
measured on top of the NW showing semiconducting characteristics with a bandgap of approximately 0.8 eV. The red and blue curves were
obtained on two different positions on the NW.
Figure 7 Ex situ BE-SEM image of the manganese silicide NWs
and 3D islands grown on Si(110) surface.
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shown by Figure 5a,b. The average length of the NWs and
the average size of the islands are increased with the depo-
sition time, as shown by Table 2. However, when the de-
position time is increased to 25 min (Figure 5c), the NWs
on the surface are no longer uniform in width and height.
They exhibit two kinds of morphological changes. One is
that some NWs begin to break and the fragments shrink
into wider and higher elongated islands or 3D islands, leav-
ing a narrow trough on the surface, as indicated by the
label ‘A’. The other is that some NWs begin to dissolve and
become thinner, with atoms diffusing to the nearby large
islands, as indicated by the label ‘B’. This phenomenon is
more obvious when the deposition time is increased to 50
min, as shown by Figure 5d. In addition, at the deposition
time of 50 min, the 3D islands also become uneven in size.
Figure 5 shows that with the continuous increase of depos-
ition time, there is a trend for the NWs to evolve into large
3D islands, indicating that the NWs are a metastable sili-
cide phase.
As suggested in our previous studies, the formation
mechanism of the Mn silicide NWs can be attributed to
the anisotropic lattice mismatch between the Mn silicide
and the Si(110) substrate [20,21]. In the width direction of
NWs (i.e., Si[001] direction), the lattice mismatch has a
relatively large value, and the adatoms are not easily
attached to the two long edges of the NWs because of the
high strain energy, leading to the limited growth along this
direction. However, with extension of deposition time,
more Mn atoms are supplied, and this will introduce dis-
locations in the NWs [9,27,28], resulting in the fragmenta-
tion of NWs and, finally, the reduction in their lengths.
Meanwhile, the dislocations can relax the high strain
along the width direction of NWs and thus make the ada-
toms attach to the wire edges more easily, leading to the
increase in the wire width and height. The ‘A’-type changeof the NWs shown in Figure 5c,d can be considered as a
result induced by the dislocations. On the other hand, the
appearance of ‘B’-type change of the NWs at a deposition
time of 25 min (Figure 5c) indicates that the growth of
NWs at this stage undergoes Ostwald ripening. Compared
to large 3D islands, NWs have a large surface-to-volume
ratio and thus a high chemical potential. According to the
Gibbs-Thomson principle, the atoms would dissolve from
thin NWs, diffuse over the surface, and finally attach to
the large 3D islands, making the 3D islands become larger
and the NWs become thinner until they disappear.Chemical composition of the NWs
The formation of Mn silicides on a Si substrate can be
considered as a diffusion-determined chemical reaction
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part in the silicide reaction mainly come from the surface
step edges or surface defects because the Si atoms at these
places have less Si-Si bonds. In the above paragraphs, we
mentioned that it is relatively easy to grow NWs with
a large aspect ratio at a high temperature or a low Mn
deposition rate. This fact indicates that the supply of suffi-
cient free Si atoms per unit time plays an important role
in the formation of NWs because more Si atoms can be
detached from the substrate step edges at a high
temperature, and the Mn atoms can encounter more Si
atoms in the unit time at a low deposition rate. On the
contrary, at a relatively low growth temperature or a high
deposition rate, the supply of free Si atoms in the unit
time is not sufficient and the formation of more 3D
islands (Mn silicides rich in manganese) is the result. The
Mn-Si binary alloy phase diagram shows that MnSi~1.7 is
the only Si-rich silicide phase, and this phase is favored for
high concentrations (≥50 at.%) of Si mixed with Mn at
temperatures between approximately 400°C and 1,144°C
[30]. Therefore, the Si-rich environment for the NW
formation implies that the NWs are likely to be MnSi~1.7.
Figure 6a shows a high-resolution STM image of an
ultrafine silicide NW grown on the Si(110) surface. A well-
ordered atomic arrangement indicates that the silicide NW
is single crystal. The atomic arrangement and the period of
top atomic row in the wire direction, which is measured to
be approximately 7.66 Å, are almost identical to those of
the MnSi~1.7 NWs formed on a Si(111) surface [22]. The
tunneling current-voltage (I-V) curves measured on top of
the NW exhibit a semiconducting character with a bandgap
of approximately 0.8 eV (Figure 6b), which is also consistent
with that of the MnSi~1.7 NWs formed on the Si(111)
surface [21]. Therefore, we deduce that the NWs formed
on the Si(110) surface have the same composition as those
formed on the Si(111) surface, i.e., the NWs are composed
of MnSi~1.7. In order to further confirm this, we employed
a BE-SEM to examine the chemical composition of the
NWs formed on the Si(110) surface. The BE-SEM image
provides an intensity map of the BE yield from the speci-
men. The BE yield increases with the atomic number of the
elements encountered by the incident electron beam, i.e.,
compared to light elements, heavy elements yield more
BEs. Therefore, the BE-SEM image reflects the distribution
of chemical composition of the specimen. Figure 7 shows a
BE-SEM image of the MnSi~1.7 NWs and the islands grown
on the Si(110) surface. It can be seen that the NWs and 3D
islands have sharply different contrast. The 3D islands are
much brighter than the NWs, while the NWs are just a lit-
tle brighter than the Si(110) substrate. This result indicates
that the average atomic weight of the 3D islands is much
greater than that of the NWs, while the average atomic
weight of the NWs is slightly larger than that of the Si sub-
strate. Therefore, the 3D islands and NWs have differentchemical compositions. The 3D islands correspond to the
Mn-rich silicide such as Mn5Si3, and the NWs correspond
to the Si-rich phase MnSi~1.7. This conclusion is consistent
with that reported for the Mn silicides formed on the Si
(111) surface [20,21].
Conclusions
In summary, the influence of growth conditions such as
growth temperature, deposition rate, and deposition
time on the formation of MnSi~1.7 NWs on a Si(110)
surface has been investigated by STM. High growth
temperature and low Mn deposition rate are found to be
favorable for the formation of NWs with a large aspect
ratio, indicating that the supply of free Si atoms per unit
time plays a crucial role in the growth of the NWs. The
NWs orient solely with the long axis along the Si 110½ 
direction. The I-V curves measured on top of the NWs,
and the BE-SEM image reveal that the NWs consist of
MnSi~1.7. The growth of the parallel MnSi~1.7 NWs on
the Si substrate provides an opportunity for the study of
electronic properties of NWs and the fabrication of
nanoelectronic devices with novel functions.
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